The degradation of ZrN films deposited onto Si substrates by unbalanced magnetron sputtering was investigated over temperatures of 300-1200°C in different atmospheres by analyzing changes in color and appearance, as well as microstructures. The atmospheres contained air, nitrogen, and forming gas ͑N 2 /H 2 =9͒, which exhibited drastically different oxygen/nitrogen partial pressure ratios. The resultant degradation included mainly color changes and formation of blisters on the film surface. Color change was associated with the oxidation of the nitride film, which was analyzed by looking into the Gibbs free-energy changes at various temperatures and oxygen partial pressures. Two types of blisters occurred at different temperature ranges. Several large round blisters, denoted as A-type blisters, occurring at low temperatures originated from the large residual stress in the films. Many small irregular blisters, denoted as B-type blisters, appearing at relatively high temperatures resulted from the oxidation of the film.
I. INTRODUCTION
In our previous articles, 1,2 degradation of titanium nitride (TiN) 1 and chromium nitride (CrN) 2 films at high temperature under controlled atmosphere have been reported. Oxidation is one of the main causes leading to degradation in the films. Phase transformation adds to the causes in the Cr-N system. 2, 3 This research focuses on the degradation of zirconium nitride (ZrN) films. ZrN films have been widely employed in tribological and decorative applications owing to their satisfactory oxidation resistance, as well as corrosion and wear resistance. 4, 5 Because of its low resistivity and high thermal mechanical stability, such films may also be applied within the electronics industry as diffusion barriers. 6 The oxidation of ZrN films has been studied in dry oxygen [7] [8] [9] and air. 10, 11 This means that only high oxygen partial pressures ͑pO 2 = 1 -0.21 atm͒ have been considered in the above literature. So far, there is a lack of systematic studies on the degradation of thin films at various temperatures under different atmospheres, in particular, low oxygen partial pressure environment. As pointed out in our previous articles, 1,2 annealing is an important technique to understand the microstructure of the films because temperature would greatly affect microstructure and atmosphere. Besides, use of the films at various temperatures under diverse atmospheres requires the knowledge of changes in microstructures in these conditions. Hence, it is essential to explore the behavior of the films in different annealing environment.
In our previous studies, 1,2 we reported the results on the degradation of TiN and CrN films at high temperature under controlled atmosphere. Oxidation and fracture induced by a large thermal mismatch between the overlayer and the substrate are responsible for degradation in TiN. The degradation in CrN behaves differently because, in addition to oxidation, diffusion and diffusion-less controlled phase transformation also occurs in this system. This research focuses on the degradation of ZrN films after annealing in the controlled atmosphere. A wide temperature range of 300-1200°C has been selected for annealing. Similar to previous studies for TiN and CrN systems, air, nitrogen, and forming gas ͑N 2 /H 2 =9͒ have been chosen because drastically different oxygen and nitrogen partial pressure ratios in the atmosphere are suitable for comparison, Changes in appearance and resultant microstructures, as well as chemical states, after annealing are analyzed, and accordingly the degradation diagrams are generated.
II. EXPERIMENT
ZrN films were reactively sputtered onto Si substrates (Toshiba Ceramics Co. Ltd., 100-orientation, n-type, 200 mm) by unbalanced magnetron sputtering deposition. The deposition parameters are as follows: Zr metal cathode, substrate bias −50 V, current 0.9 A, N 2 flow rate 1.25 sccm, Ar flow rate 17.5 sccm, substrate temperature 400°C, and deposition time 40 min. The resultant thickness of the film was about 0.3 m, determined by cross-sectional scanning electron microscopy.
To investigate degradation of the films, the sputtered ZrN specimens were annealed over temperatures between 300 and 1200°C in a gas-tight tube furnace equipped with a zirconia (15 mol % CaO doped) O 2 sensor. The flowing gases included air, pure nitrogen (N 2 , 99.999% purity), and forming gas [N 2 /H 2 =9, H 2 = ͑10± 0.2͒%], which exhibited similar nitrogen partial pressure ͑pN 2 ͒, but drastically different oxygen partial pressure ͑pO 2 ͒. The value of pO 2 is 0.21 atm in air and ϳ10 −5 atm in the "pure" nitrogen, while a function of temperature in N 2 /H 2 =9 (e.g., ϳ10
−25 atm at 700°C, ϳ10 −20 atm at 900°C, and 10 −16 atm at 1100°C). The flow rate was controlled at about 200 sccm by using a Unit 8100 mass flow controller. The pressure in the furnace a)
Author to whom correspondence should be addressed; electronic mail: fhlu@dragon.nchu.edu.tw was kept at about atmospheric pressure. The ramping rate was set at about 5°C / min, and the soaking time varied from 0.5 to 12 h. Afterwards, the films were first inspected under an optical microscope. The crystal structure of the film was determined by an x-ray diffractometer (MacScience MXP3) operated at 40 kV and 30 mA ͑ Cu K␣ = 0.154 nm͒. The microstructure of film after annealing was carefully examined by a fieldemission scanning electron microscope (JEOL JSM-6700F) operated at 15 kV. The residual stress of the film was investigated using a laser scanning method. The experimental details of the measurement were described elsewhere.
1,3 Basically, the curvature of the film was detected within a specified distance and the obtained curvatures of 100 measuring points were then converted to residual stressed using the Stoney's relation.
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III. RESULTS AND DISCUSSION
The original color of as-deposited ZrN films was pale golden. After annealing, the color of ZrN films turned yellowish green or pink, depending on the annealing temperature, time, and atmosphere. Different types of blisters were also observed on the film surface under all atmospheres. Several large round blisters, denoted as A-type blisters, appeared at low temperatures while many small irregular blisters, denoted as B-type blisters, showed up at relatively high temperatures. Color changes and formation of blisters are two main types of degradation occurring in the films after annealing. Degradation diagrams similar to those reported for TiN 1 and CrN 2 were then generated by plotting the regions of color changes and formation of blisters occurring at various annealing temperatures and times under controlled atmosphere; see Figs. 1(a) air, 1(b) N 2 , and 1(c) N 2 /H 2 = 9 gases.
A. Color change
As described above, color changes of the films were observed after annealing. Figure 1 also depicts the specific annealing times and temperatures at which color changes occurred under (a) air, (b) nitrogen, and (c) N 2 /H 2 =9 environment. The symbol "open circle" represents no color change, i.e., the original golden color, "open star" denotes the films that turned yellow-green, and "open triangle" symbolizes the films that became pink. As shown in the figures, the boundary line (dashed) between the region of no color change (open circle) and the region of yellow-green (open triangle) shifted to higher temperatures and longer times for N 2 /H 2 = 9 compared to that for air and nitrogen. This means that the severity of color change follows the sequence: airϾ N 2 Ͼ N 2 /H 2 = 9 at the same annealing conditions. As reported in our previous work, 1,2 color change often indicates the oxidation of the nitride films. The oxidation reaction can be written as follows:
The Gibbs free-energy change of the oxidation ⌬G and the standard Gibbs free-energy change ⌬G°are given below by summarizing the thermodynamic data from the literature: 
where R is the gas constant, T is the annealing temperature ͓K͔, pN 2 and pO2 are nitrogen and oxygen partial pressures of the flowing gases, and ͑p N 2 1/2 / p O 2 ͒ equil. represents the specific nitrogen and oxygen partial pressure ratio at which ZrN is in thermodynamically equilibrium with ZrO 2 . It is noteworthy that the thermodynamic data are valid for temperatures ranging from 298 to 2125 K. As given in the equation, the driving force of the oxidation depends on the annealing temperature as well as the nitrogen and oxygen partial pressure ratios for the flowing gases. X-ray diffraction (XRD) was used to characterize the oxidation of the films. Figure 2 shows the XRD spectra of asdeposited specimens and the specimens annealed from 400 to 1200°C in (a) air, (b) nitrogen, and (c) N 2 /H 2 =9 gases for 2 h. For the sake of simplicity, only the spectra at 100°C intervals are given the figure. As shown in the figures, as-deposited films exhibited rock-salt ZrN characteristic diffraction peaks (JCPDS 35-0753). It is noteworthy that as-deposited specimens exhibited a (111) preferred orientation, which is similar to that reported for ZrN prepared by the hollow cathode discharge ion-plating method under a similar deposition temperature as well as substrate bias voltage.
14 The diffraction peak at 2 = 33°originated from the reflection of the second-order from (400) planes of (100) Si substrates. 15, 16 The relative peak integrated intensity of ZrO 2 increased rapidly with temperature within the diffraction temperature range of 500-700°C. Consider the spectra at 600°C in the figures, apparent monoclinic ZrO 2 peaks (JCPDS 37-1484) were observed in air, a minute peak was present in N 2 , and no peak could be discerned in N 2 /H 2 = 9. Actually, ZrO 2 peaks could only be detected above 550°C in air, 600°C in N 2 , and 650°C in N 2 /H 2 = 9. Beside temperature, oxygen partial pressure would also affect greatly the degree of oxidation as predicted by above thermodynamic considerations. Figure 3 shows the plot of the relative peak integrated intensity of ZrO 2 versus logarithm of nitrogen and oxygen partial pressure ratio at fixed temperatures of 550, 600, and 650°C. The vertical lines represent the specific ratio ͑p N 2 1/2 / p O 2 ͒ equil at which ZrN is in thermodynamic equilibrium with ZrO 2 at a given temperature. These ratios were evaluated from Eq. (2). For a known flowing gas with a specific pN 2 / pO 2 ratio, the relative peak integrated intensity of ZrO 2 increased rapidly with temperature. On the other hand, at a fixed temperature, the relative intensity of the oxide decreased drastically with pN 2 / pO 2 ratio. Consider at a given temperature, say, 600°C, the Gibbs free changes of oxidation, ⌬G, calculated by using Eq. (2) were ⌬G͑air͒ = −640 kJ/ molϽ⌬G͑N 2 ͒ = −565 kJ/ molӶ⌬G͑N 2 /H 2 =9͒ = −180 kJ/ mol. This thermodynamic prediction is clearly consistent with the trend of color changes as stated earlier and of the degree of oxidation concerning the relative intensity of the oxide. 
B. Blisters
As mentioned earlier, two types of blisters could be found on the film surface after anneal. Figures 1(a) -1(c) also depict regions of the formation of these two types of blister for air, nitrogen, and N 2 /H 2 = 9. Figure 4 (a) is micrograph of large round blisters with the size ranging from 5 to 10 m, denoted as A-type blisters. These A-type blisters were scarcely dispersed over the films surfaces. Some of the blisters were broken at the top, while some of them were completely peeled away from the substrate. The cross-sectional view of the broken blisters, see Fig. 4(b) , revealed that the film was pulled away from the substrate while retaining the columnar structure like as-deposited films. As revealed in the figure, a tiny crack could also be found at the top of the blister. These blisters appeared above 400°C at which no oxide layer could not be discerned by XRD for all annealing atmospheres. This indicates that the chemical state of the A-type blister is mainly ZrN. Hence, the formation of A-type blisters could not be associated with oxidation and should not have a thermodynamic origin; otherwise the occurrence of such blisters would be influenced by temperature as well as gas partial pressures.
Many small irregular blisters with the size ranging from 0.5 to 3 m, denoted as B-type blisters, showed up at relatively high temperatures, see Fig. 5(a) , and accompanied oxidation of the film. Those blisters were uniformly distributed over the film surface; some of the blisters remained intact, while some of them started to be broken at the top. Figures   FIG. 3 . Relative integrated peak intensity of ZrO 2 vs nitrogen and oxygen partial pressure ratio at given temperature. The vertical line represents the specific nitrogen and oxygen partial pressure ratio at which ZrN is in thermodynamic equilibrium with ZrO 2 . Fig. 4(b) , granular structures stemming from the grain growth were found in this case. Since XRD spectra revealed only the oxide structure, the chemical state of this type of blister is mainly ZrO 2 .
As mentioned earlier, the formation of A-type blisters should be related to a nonthermodynamic factor. Residual stress, one of the most important nonthermodynamic factors affecting PVD coatings' properties, should play an important role on the formation of A-type blisters. Figure 6 (a) illustrates the obtained curvatures and corresponding residual stresses of as-deposited specimens as well as the specimens after annealing at various temperatures for different measuring points. The temperature dependence of the residual stress is plotted in Fig. 6(b) . The atmosphere, N 2 /H 2 = 9, was selected for this study. As depicted in the figure, the measured residual stresses were compressive stresses and their absolute values initially increased with temperature up to 450°C. A minimum stress occurred at 400°C. Similar behavior for the stress increase has been reported for TiN after annealing at 400°C by Chou et al. 17 and at higher temperature ranges up to 930°C by Perry and Chollet. 18 Chou et al. considered this phenomenon as the incomplete rearrangement of defects at such an annealing temperature while Perry and Chollet referred that to a concomitant contraction in the cemented carbide substrate during heat treatment. Since the residual (compressive) stress of the film at 400°C could reach 7.03 Gpa, which is comparable to the yield strength ͑Ͼ3.39 GPa 19 ) of Si substrates, the effect of the substrate contraction during heat treatment should not be excluded. Nevertheless, from the investigation of Chou et al. 18 for the TiN / steel system in which the resultant stress was much larger than the yield strength of the substrate, the incomplete rearrangement of defects at such medium temperatures would be more probable in enhancing the compressive stress. Such high compressive stresses are most likely the origin causing the formation of A-type blisters. That's why most of the blisters were broken at the top owing to the large stress. Afterwards, the stress tended to relax rapidly with increasing temperature as normally observed for other nitride thin film systems.
Many small-irregular blisters, denoted as B-type blisters, were present at higher temperatures and accompanied the oxidation. Similar blisters were also observed by Panjan et al. 20 over ZrN film surfaces after long-term oxidation at 800°C in oxygen. They referred this as a consequence of the high compressive stress formed in the oxide layer due to the large difference in the volume of the oxide and nitride coatings. Hence, such B blisters very likely originate from the large compressive stress in the oxide layer owing to the large molar volume difference between the oxide and underneath nitride layers. The calculated molar volume ratio was V ZrO 2 : V ZrN = 1.47, calculated by using the data from literature. 21 Another possibility of forming B-type blisters might result from the thermal mismatch between the oxide overlayer and the nitride film. Using the bilayer model to calculate the unrelaxed thermal stress for ZrO 2 ), ⌬T is the temperature difference between annealing temperature and room temperature, and h stands for the thickness of the layer. Consider annealing at 600°C where oxidation starts to occur and the oxide thickness is much smaller than that of the nitride layer, the calculated unrelaxed thermal stress after oxidation is about 84 MPa (tensile stress). Unlike the large tensile stress of the order of 1 -10 GPa existing in Cr 2 O 3 would cause the fracture of the oxide owing to the large thermal mismatch between the oxide and the underneath nitride layers, 2 such a small stress should not play an important role in the formation of blisters. Moreover, performing vacuum annealing would only yield A-type blisters but not B-type blisters. This further confirms that the formation of these blisters is closely related to large molar volume change during oxidation.
IV. CONCLUSIONS
The degradation of ZrN films prepared by unbalanced magnetron sputtering has been systematically investigated at various temperatures under controlled oxygen and nitrogen partial pressures by analyzing changes in the morphology and crystal structures of the films. The degradation included mainly color changes and formation of two types of blisters over the film surface.
Color change of the film after annealing was associated with the oxidation of the nitride film, which was analyzed by looking into the Gibbs free energy changes at various temperatures and oxygen partial pressures. Experimental results concerning the color change and the degree of oxidation are consistent with thermodynamic predictions. Two types of blisters occurred at different temperature ranges. Several large round blisters, denoted as A-type blisters, consist of mainly zirconium nitride. This type of blister occurring at low temperatures originates from the large residual stress in the film during low-temperature annealing. Many small irregular blisters, denoted as B-type blisters, contain only zirconia. The blisters appearing at relatively high temperatures stem most possibly from the compressive stress owing to the large volume difference during oxidation of the nitride film.
